Background and Purpose-Observations in human interventional stroke treatment led us to hypothesize that iodinated radiographic contrast material use may contribute to intracerebral hemorrhage. Effects of intra-arterial iodinated radiographic contrast material on hemorrhagic transformation after middle cerebral artery occlusion and reperfusion were studied in a placebo-controlled, blinded preclinical study in rats. Methods-Four groups of male Sprague-Dawley rats were studied: saline group (nϭ8), contrast group (nϭ12), heparin group (nϭ9), and contrastϩheparin group (nϭ9). The middle cerebral artery was occluded for 5 hours using suture placement. Heparin was infused before suture removal and reperfusion. Saline and/or contrast were infused immediately during reperfusion. Incidence, location, and size of hemorrhage were determined by brain necropsy inspection at 24 hours. Results-There was a significant increase in incidence of cortical hemorrhage from control (37.5%), contrast (75.0%), heparin (77.8%) to contrastϩheparin (100%; Cochran-Mantel-Haenszel correlation, PϽ0.01). Both pooled contrast groups (85.7%) and pooled heparin groups (88.9%) had higher rates of cortical intracerebral hemorrhage compared with the control group (PϽ0.05). Similar trends for increased cortical intracerebral hemorrhage were seen in the contrast-only (Pϭ0.18) and heparin-only (Pϭ0.18) groups. There was a trend for decreased infarct edema in rats receiving contrast versus those without (Pϭ0.06). Conclusion-Intraarterial iodinated radiographic contrast material may increase cortical intracerebral hemorrhage, similar to heparin. Iodinated radiographic contrast material effect may be additive to heparin effect on the incidence of cortical intracerebral hemorrhage.
A cute ischemic stroke injures the blood-brain barrier causing edema and swelling as well as intracerebral hemorrhage (ICH) in some instances. 1 Acute stroke intraarterial intervention trials have encountered ICH rates higher than expected compared with untreated patients and with patients treated with intravenous recombinant tissue plasminogen activator. The Prolyse in Acute Cerebral Thromboembolism (PROACT) II Trial and Interventional Management of Stroke Trials I and II were associated with symptomatic ICH rates of 10%, 6.3%, and 9.9% as well as asymptomatic ICH rates of 35%, 42.5%, and 32.1%, respectively. Heparin-treated controls in PROACT I exhibited a symptomatic ICH rate of 7.1%, prompting a decrease in heparin for the PROACT II Trial. 2 Heparin and thrombolytics are likely additive in their ICH effects.
Iodinated radiographic contrast material (IRCM) use is integral to intra-arterial thrombolytics as a diagnostic aid and to monitor therapy progress. In hyperacute stroke, iodinated CT contrast and gadolinium MR contrast accumulate under a variety of circumstances, and their passage across the bloodbrain barrier by rapid CT or MR methods predicts bloodbrain barrier disruption and subsequent ICH. [3] [4] [5] Among patients treated with intravenous recombinant tissue plasminogen activator, those having CT angiography fared clinically than those who did not, raising the possibility of an unspecified harmful effect of intravenous IRCM. 6 IRCM may accumulate in tissue and be visible on CT after intra-arterial thrombolysis. [7] [8] [9] [10] We hypothesize that IRCM itself may contribute to ICH and edema in acute stroke therapy. This report summarizes our preliminary observations on the effects of IRCM injection on ICH in a rat middle cerebral artery (MCA) reperfusion model.
Materials and Methods
The animal protocol was approved by the University Animal Care Committee and conformed to the National Institute of Health Guide for Care and Use of Laboratory Animals. Male Sprague-Dawley rats (provided by Department of Neurology, University of Cincinnati, Cincinnati, Ohio) had unrestricted access to food and water and were housed with a 12-hour light-dark cycle. Throughout the study, the investigators and veterinarian staff closely monitored the rats' health status. All chemicals and reagents were of reagent grade unless otherwise specified.
Stroke Model and Drug Injection
This was a single-blind, placebo-controlled study. The left MCA was occluded using the intraluminal filament technique. 11 Rats were anesthetized with 1.5% of isoflurane and the left common carotid artery, external carotid artery, and left internal carotid artery isolated through a ventral midline neck incision. A 3-0 monofilament nylon suture was inserted into the external carotid artery and advanced approximately 20 mm beyond the carotid bifurcation until mild resistance was felt. The wound was closed temporarily and the suture kept in place for 5 hours followed by removal of the suture for reperfusion. The ventral midline neck incision was opened again, and a polyethylene-10 tube was placed into the external carotid artery with its tip at the internal carotid artery origin immediately after removal of the occluding suture (reperfusion), for infusion. The internal carotid artery was not directly catheterized. Four groups (nϭ38) of male Sprague-Dawley rats (body weightϭ309.7Ϯ1.24 g) with different infusion regimens were studied: (1) salineϩsaline (control group, nϭ8); (2) salineϩcontrast (contrast group, nϭ12); (3) intravenous heparinϩsalineϩsaline (heparin group, nϭ9); and (4) intravenous heparinϩsalineϩcontrast (contrastϩheparin group, nϭ9). All animals received a 10-minute intra-arterial saline infusion using a KD Scientific Syringe (Model 210) of 1 mL/kg. Fifteen minutes later, contrast groups received an infusion of nonionic low-osmolar (672 mOsm/kg H 2 O) iohexol contrast (Omnipaque 300 mgI/mL; Amersham Health, Inc, Princeton, NJ) at 30 L/min (infusion time 622Ϯ7.4 seconds). The external carotid artery was ligated and the incisions sutured. Five minutes before reperfusion, the heparin groups (heparin and contrastϩheparin) received bolus intravenous heparin (APP Pharmaceuticals, LLC, Schaumburg, Ill; 150 U/kg body weight) followed by 36 U/kg body weight (57.5 U average heparin group, 56.9 U average heparinϩcontrast group) through a hind-limb vein. During anesthesia, rectal temperature was monitored and body temperature maintained at 37Ϯ0.5°C with a heating pad. Following a small craniotomy near the vertex, cerebral blood flow (CBF) was estimated from the left MCA using laser Doppler perfusion measurements (PF-5001; Perimed, Inc, Järfälla, Sweden) before and after MCA occlusion and after reperfusion with saline and/or contrast infusion. 12 After the operation, rats were transferred to a temperature-controlled incubator at 37°C for 30 minutes before transfer to normal housing.
Neurological Deficits and Mortality
Neurological examinations at 45 minutes and 6.5, 8, 12, and 24 hours after induction of ischemia were scored according to a 7-point scale modified from Zhang. 13 Mortality was expressed as the number of rats dying within 24 hours, before euthanization, divided by the number in each groupϫ100.
Determination of Hemorrhage and Edema
The animals were euthanized 24 hours after occlusion onset. Brains were harvested, immersed and fixed in 4% paraformaldehyde for 15 minutes, then serially sectioned (typically 6 2-mm coronal slices with 12 surfaces), and imaged for hemorrhage and brain edema using a MCID digital image analysis system (Imaging Research, Inc, St Catherines, Ontario, Canada). The surface of all brains was visually inspected for the presence of hemorrhage. Hemorrhage rate was calculated as: (rat number with hemorrhage in striatum or cortex)/(total rat number)ϫ100%. Sections showing hemorrhage in the striatum or cortex were counted visually for each rat in each group. The hemorrhage area 
Statistics
Data were analyzed using SAS, Version 9.1 (SAS Institute, Cary, NC) and expressed as meanϮSEM, or number (%), as appropriate. The continuous data, cerebral blood flow, area of cortex and undercortex, and percent edema were examined for deviation from assumption of normality. Analysis was performed using a generalized linear or mixed model approach to account for the repeated measures, where necessary. Dunnett test was used to compare groups as appropriate and account for the multiple comparisons. Analysis of cortical hemorrhage incidence and mortality was done initially using an overall 2 or Fisher exact test, as appropriate, and a CochranMantel-Haenszel statistic to specifically examine the correlation over groups. Further analysis to examine overall contrast and heparin effects was done using logistic regression. Multiple comparisons, for categorical variables, were controlled for by use of a Bonferroni correction.
Results

CBF Measurements
CBF 5 minutes after MCA occlusion decreased to less than approximately 25.0% of preischemia baseline levels in all groups, indicating successful occlusion ( Table 1 ). The contrast group exhibited numerically lower percent CBF after injection versus control and both heparin groups. The heparin and contrastϩheparin groups exhibited higher percent CBF after injection versus the control group (nonsignificant).
Hemorrhage Incidence and Location
There was a significant increase in incidence of cortical hemorrhage from control (37.5%), contrast (75.0%), heparin (77.8%) to contrastϩheparin (100%; Table 2 ; CochranMantel-Haenszel correlation, PϽ0.01). The contrastϩheparin group exhibited increased cortical petechial ICH compared with the control group (Pϭ0.03). The contrast group (Pϭ0.18) and the heparin group (Pϭ0.18) exhibited similar trends toward increased cortical ICH compared with the control group (Figure) . Using logistic regression to look at the effects of heparin and contrast, the odds of hemorrhage were higher in those given contrast compared with no contrast (OR, 6.76; 95% CI, 1.13 to 40.34; Pϭ0.04) and the odds of hemorrhage was higher in those given heparin compared with those not given heparin (Pϭ0.03) All animals exhibited deep, subcortical hemorrhage, including 1 parenchymal hematoma, the remainder of the hemorrhagic infarction (HI)-1 type. 15 Data are expressed as the meanϮSEM of percent changes compared with control values (before ischemia as 100%). There was no significant difference between groups (overall *Pϭ0.54 and †Pϭ0.28).
Hemorrhage Area
The area of deep, undercortical hemorrhage for the heparin group was significantly larger than the control group (Pϭ0.04; Table 3 ).
Cerebral Edema
No difference was seen in edema between the individual groups (Table 4 ). Both groups administered contrast (contrast and contrastϩheparin) exhibited a strong trend toward less edema compared with the saline control group (Pϭ0.06).
Neurological Deficit and Mortality
After MCA occlusion, all rats had forelimb flexion, circling to the right, indicating successful suture placement. Statistically significant differences were seen between the saline control group and all other groups (PϽ0.05) and between the contrast and contrastϩheparin groups and between heparin and contrastϩheparin groups (PϽ0.05 for both), but not between contrast and heparin groups (Pϭ0.16).
There was no overall difference in mortality between groups (Pϭ0.12). Highest mortality rate was in the heparin group (77.8%), followed by saline control (50.0%) and contrast group (41.7%) and the contrastϩheparin group (22.2%).
Discussion
Rats with transient MCA occlusion, followed by reperfusion, demonstrate significantly higher cortical ICH compared with those with permanent occlusion (81.8% versus 18.2%, PϽ0.05). 16 Hemorrhage scores were also higher with transient occlusion, supporting the postulate that reperfusion contributes to ICH. 17, 18 If reperfusion leads to increased ICH, a trend for an agent to be associated with increased ICH after reperfusion implicates the agent in the etiologic mechanism. In our study, intra-arterial IRCM exhibited an effect on cortical ICH greater than saline control and similar to intravenous heparin. Pooled analysis of contrast groups exhibited a significant increase compared with saline, and when heparin and contrast were infused together, ICH effects appear additive, strongly suggesting IRCM contributes to ICH.
IRCMs differ in their ability to pass through a normal blood-brain barrier. Nonionic, low-osmolar iopromide and isos- molal iodixanol do not cross the blood-brain barrier. 19, 20 Nonionic low-osmolal iohexol and iodixanol disrupt the blood-brain barrier with insignificant differences when injected intra-arterially in the rabbit. 21 IRCMs may exhibit physiological effects mediated through leakage through an altered blood-brain barrier when administered intravenously for CT in the presence of enhancing intracranial tumors. [22] [23] [24] Ionic hyperosmolar sodium iothalamate administration has been associated with increased infarct volume and worse neurological status compared with iopromide after permanent occlusion. 25 IRCM deposition in the brain after intra-arterial injection has been demonstrated after uncomplicated aneurysm coiling procedures and after carotid angioplasty and stenting after repetitive injections of IRCM. 26, 27 Such deposition is usually transitory with local absorption decreasing local concentration with few clinical sequelae. 28 IRCM may accumulate locally on CT after intra-arterial thrombolysis. Yoon defined deposition/accumulation as either contrast enhancement (any hyperdensity that disappeared within 24 hours) or contrast extravasation (a hyperdensity of Hounsfield units Ͼ90 that persisted on follow-up CT). 29 Contrast enhancement appeared benign, whereas contrast extravasation was associated with increased symptomatic ICH as suggested by others. 30, 31 Khatri linked IRCM identification, subsequent hemorrhage, and local microcatheter injections during revascularization, suggesting local deposition might have important implications. 9, 10 In our model, IRCM may increase ICH, potentially associated with reduced CBF and infarct volume, effects that could be a result of diminished reperfusion. IRCM rats did exhibit lower CBF than control animals, and IRCMϩheparin rats exhibited reduced CBF compared with heparin-only animals. IRCMs are known to have paradoxical prothrombotic, anticoagulant, and fibrinolytic effects [32] [33] [34] [35] [36] [37] [38] in vitro.
Nonionic low-osmolar IRCMs and isosmolal iodixanol permit greater thrombin generation and platelet and fibrin deposition in animal models 39 -43 than ionic ioxaglate. Increased local thrombus formation during coronary intervention in humans occurs with nonionic compared with ionic low-osmolar contrast material. 44, 45 A local intra-arterial thrombotic occlusive effect may lead to a prolonged locally administered IRCM deposition in cerebral vessels, which in combination with local intracerebral IRCM anticoagulant effects, may contribute to increased cortical ICH in a contradictory, paradoxical fashion.
Problems exist in attempting to link ICH in this rat model to the human condition. Heparin dosage used in our study conformed to Food and Drug Administration animal study recommendations, which recognize the dose-equivalent effect of heparin and other drugs in rats differs from that in humans and requires more heparin. 16, 46, 47 If one suggests our heparin dose was excessive, the equivalence of contrast with heparin in respect to ICH occurrence serves to further indict contrast as a potentially harmful agent, likely greater than lower doses of heparin. The arterial procedure in our model, including a constant 10-minute iopamidol injection, does not perfectly mimic a revascularization procedure in humans. However, it simulates prolonged deposition of high-concentration IRCM in narrow, short segments of occluded arteries as seen with intrathrombus microcatheter injections in acute stroke therapy. Although we hypothesize a possible contribution of a thrombotic effect of contrast to ICH, we have not excluded nonthrombotic vascular effects such as spasm as a contributor to reduced CBF in contrast-infused animals. Low-osmolal iopamidol has been reported to cause reduced blood flow due to vasoconstriction in the renal bed after intraarterial injection, but cerebral vasoconstrictive effects have not been similarly demonstrated. 48 The significance of differences of deep versus cortical ICH in this rat model and implications for human stroke therapy remain unclear. It is not clear that petechial cortical ICH and deep basal ganglia ICH in the rat model have the same implications. However, some human data suggest hemorrhagic infarction of all types may be significant. 49 Finally, this study does not yet confirm a direct link between the IRCM administered to the site of its deposition and to subsequent ICH at that site.
In summary, this study suggests IRCM itself contributes to cortical ICH in the setting of transient MCA occlusion and may be additive to heparin's effect. This increased ICH may be promoted by a persistent occlusive effect diminished by heparin therapy, but at the risk of additional heparin-induced hemorrhage. Although any harmful effect of IRCM in humans is likely outweighed by the global benefit inherent in treatment, identifying, quantifying, and reducing such risk of different IRCM offers the opportunity to improve outcomes by optimizing treatment parameters, where possible.
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